Abstract-An important challenge in wireless power transfer systems based on resonant coupling is the frequency splitting phenomenon, which results in detuning the resonance frequency of the system and consequently in a reduction in the system power transfer efficiency. In this paper, a software-defined, nearfield wireless power transfer (WPT) platform is proposed where a particle swarm optimizer (PSO) is used to optimize the power transfer effieciency of the system. A prototype platform operating at 13.56 MHz is designed and fabricated and the capability of the PSO to tune the system to the operating point of maximum efficiency is demonstrated by experiments. It is shown that by controlling the matching network of the transmit and receive chain through the PSO algorithm it is possible to reach the optimum solution within a few iterations. The proposed system can find application in adaptively tuned WPT systems.
I. INTRODUCTION
In resonant magnetic WPT systems, energy is transfered between a transmit (TX) and a receive (RX) coil, while capacitors are used to resonate the coils at a desired frequency and maximize the power transfer efficiency [1] . As the distance between the TX and RX coils is reduced, the coupling between them increases. When coupling increases between a critical value, frequency splitting occurs, where the power transfer efficiency at the original resonance frequency is reduced and peaks appear at two different frequencies below and above the original resonance frequency, as shown for example in [2] . Therefore, a significant challenge in such WPT systems is that of maintaining a high power transfer efficiency with respect to distance variations as well as misalignments between the transmit and receive coils [2] [3] . Several papers have appeared in the recent literature addressing the frequency splitting phenomenon and different methods are proposed in order to re-tune the coupled coil system and operate with maximum efficiency [4] [5] [6] . In this paper, a global tuning algorithm, based on particle swarm optimization (PSO) is proposed [7] . In order to evaluate the proposed PSO algorithm, a software-defined hardware platform is designed and a prototype is fabricated based on a Raspberry B+ [8] evaluation module and a custom designed daughter-board comprising a transmitter and a receiver frontend operating up to 37.5 MHz. It is easy to set several system parameters, like the transmit frequency or the output power by software. The fabricated prototype is shown in Fig. 1 . In the following sections, a description of the hardware is presented, followed by the proposed algorithm, and a realtime demonstration showing that the system can converge to the maximum power transfer state after a few iterations.
II. HARDWARE PLATFORM DESCRIPTION

A. Overview
The evaluation platform consists of a wireless power transmitter and receiver on a single printed circuit board (PCB), show in Fig. 1 . Thus it is possible to evaluate the transmit power and efficiency within a single system. The coils are connected through standard SMA connectors.
B. Transmitter
The transmitter is realized by the following main components, shown in Fig. 2 . A direct digital synthesis (DDS) chip is used to provide a sinusoidal source signal up to 37.5 MHz. Two high output operational amplifiers with controllable gain are used to amplify the DDS output signal and drive the transmitting coil. Finally, a digitally controlled capacitor array is used to provide a tunable matching network that allows retuning of the system resonance frequency under variations in the WPT system setup, such as distance variations and misalignments. The transmitter also includes a power monitor to determine the power at the output of the amplifiers.
C. Receiver
The (equivalent) receiver circuit is shown in Fig. 3 . Similarly to the transmitter circuit a tunable capacitor network is used in order to re-tune the receiver input matching. The received RF signal is rectified by a bridge-rectifier, built by four high speed, low threshold voltage Schottky diodes (Skyworks SMS3923). The obtained DC voltage is then converted by an adjustable buck-boost DC-DC converter and finally connected to the output load. The output voltage of the DC-DC converter is set by a digital potentiometer. In the same way as in the transmitter the receiver also includes three power monitors to measure the power at the input and output of the rectifier stages as well as the output of the DC-DC converter.
D. Digital back-end
For real-time controlling and analysis, a commercially available embedded system (Raspberry PI) is used. It provides a powerful microprocessor with many common digital interfaces. An embedded Linux is used as the operating system. It provides the required device drivers, such as for the DDS, the power monitors and the potentiometers. The hardware device interfaces are further provided over Ethernet, so that the whole system can be controlled and evaluated in Matlab. 
III. PARTICLE SWARM OPTIMIZATION
A. The principle
Particle Swarm Optimization (PSO) is a randomized, global optimization method that can be used to maximize (or minimize, respectively) a continuous, d-dimensional real function
F does not need to be known analytically (black box) and an evaluation is allowed to be computationally expensive.
The objective is to find a global maximum x max of F
by iterating through the sample space with N ∈ N so-called particles. Each particle k is described by a position
The PSO is an iterative algorithm where in each iteration, the velocities of the particles are recalculated according to
with • denoting the element-wise multiplication. a, b glob , b loc ∈ R are known as swarm parameters. The vectors r glob , r loc ∈ [0, 1] d are randomly chosen in each iteration. The global and local attractors p glob , p ∈ R d are determined as the best so far found solution of the swarm (absolute and best of the previous iteration respectively).
The particles are finally moved through the sample spacee
When the algorithm starts, the positions and velocities are initialized randomly over the allowed parameter space R d , e.g. with a uniformly distributed random generator.
B. Swarm parameter and convergence
The convergence of the PSO algorithm to a global maximum depends strongly on the proper choice of the swarm parameters a, b glob and b loc . Several deeper analyses exists like in [9] and [10] that determine regions of convergence, with direct, oscillating or zig-zagging behaviour.
The proper choice of a, b loc and b glob is always a trade-off between exploration and exploitation of the sample space and depends on the complexity of the cost function F and whether there are many local extremal points or a single global one.
C. Bound handling
In many applications, the parameter space can be restricted by several constraints, e.g. to positive values or even to discontinuous, discrete values. Consequently, the particles are only allowed to take values within a (finite) subspace of R d . Therefore it is necessary to have a certain strategy to prevent the particles from moving out of the allowed space or to find violating values and reset them to a valid configuration. The best strategy depends on the complexity of the problem and of the cost function particularly.
IV. EVALUATION
In this paper, a PSO is used to tune the transmit and receive matching networks of the evaluation platform automatically to achieve a maximum power transfer at a frequency of 13.56 MHz, independent of coil distances and misalignments. The integration of this evaluation platform in a real operating solution will require certain communication between the transmitter and receiver to read out the received power and send the optimum capacitance configuration, similarly to [4] . Alternatively, the evaluation platform allows one to tune a different set of parameters such as for example the operation frequency.
A. Cost function
The measured RMS power at the receive coil (before the rectification) is used as the cost function of the PSO optimization. This function depends on the distance of the coils and experiences the frequency splitting phenomenon when coupling between the coils is strong. Fig. 4 shows measurements of the cost function that were made with the evaluation platform under several coil distances. The cost functions are normalized to the maximum achievable power at a certain distance and the capacitors are normalized to the tuning range of the system.
B. PSO setup
For this particular optimization problem some PSO strategies where emperically found to work properly. Bouncing is used as outer and round half up (to the next valid capacitance configuration) as inner bound handling strategy. The particles are not initialized uniformly over the sample space but by a Gaussian distribution N (0.5, 0.2) because the border values are not likely a good choice for an optimum solution as seen in Fig. 4 . The swarm parameters b glob and b loc are set to a mutual value b. The use of 3-5 particles is likely a good trade-off between convergence to the global maximum and the median number of particle evaluations required to converge.
C. PSO-based tuning and convergence
The convergence of the PSO for many swarm parameter values a and b = b glob = b loc was evaluated. Fig. 5 shows the median number of required particle evaluations to converge to an optimum solution versus the swarm parameters a and b. It can be observed that the algorithm converges faster in the case of critical and strong coupling. In the case of weak coupling the algorithm is more sensitive to the proper choice of the swarm parameters. There is no single optimum solution but it is rather a trade-off which case is more likely and should be optimized faster. Based on the results of Fig. 5a the selected values for the evaluation is a = 0.25 and b = 1.7.
The proposed PSO tuning algorithm described in section III was implemented and evaluated in real time using the prototype platform of Fig. 1. Fig. 6 shows a precise estimate of the median mean power transfer between the transmitter and receiver, calculated over 1000 optimizations.
V. CONCLUSION
In this work a software-defined, highly configurable wireless power transfer platform based on a Raspberry PI embedded system and a custom-designed daugther-board was presented. A PSO algorithm was implemented in order to optimize the performance of the WPT system by tuning the transmit and receive matching networks. The convergence behavior was estimated and a appropriate choice of the swarm parameter was evaluated, which allows to the PSO to converge after a few iterations. 
